Utilizing single-crystal synchrotron x-ray scattering, we observe distorted CuO 2 planes in the electron-doped superconductor Pr 1−x LaCe x CuO 4+δ , x = 0.12. Resolution-limited rods of scattering are indicative of a long-range two-dimensional 2 √ 2 × 2 √ 2 superstructure in the a-b plane, adhering to planar space-group symmetry p4gm, which is subject to stacking disorder perpendicular to the planes. This superstructure is present only in annealed, superconducting samples, but not in the as-grown, nonsuperconducting samples. These long-range distortions of the CuO 2 planes, which are generally considered to be detrimental to superconductivity, have avoided detection to date due to the challenges of observing and interpreting subtle diffuse-scattering features.
I. INTRODUCTION
The role of lattice-symmetry breaking [1] in the superconducting phases of high-T C cuprates is a topic of great current interest. In addition to the influence of spin [2] [3] [4] and electronic correlations [5, 6] , structural distortions [7] [8] [9] [10] and cation disorder [11, 12] can strongly influence T C in the hole-doped cuprates. The inverse correlation between T C and the CuO 2 planar buckling angle in La 2−x Sr x CuO 4 at fixed composition, for example, indicates that flat and square CuO 2 planes are preferable for high critical temperatures [7] . In addition, very recent evidence implicates charge order [13, 14] and charge density waves [15, 16] within the CuO 2 planes as important structural order parameters that compete with superconductivity.
For electron-doped cuprates with the T structure, as-grown samples are generally not superconducting [17] , though superconductivity can be reversibly induced by a high-temperature annealing procedure [18] . This process repairs defects present in the CuO 2 planes of as-grown samples due to slight Cu deficiencies [19] and leads to a separation into a defect-free superconducting majority phase and epitaxial intergrowths of a copper-free impurity phase [18] [19] [20] [21] . While the resulting elimination of defects within the CuO 2 sheets clearly enhances superconductivity, the T C values of these properly reduced electron-doped cuprates are still quite low compared to many hole-doped cuprates.
For T cuprates with sufficiently small rare-earth ions, such as Gd 2 CuO 4 or (Nd 1−y Tb y ) 1.85 Ce 0.15 CuO 4 (y > 0.37), superconductivity is completely suppressed by a three-dimensional superstructure involving in-plane rotations of the CuO 2 squares [22] [23] [24] . These observations lead one to wonder if intrinsic distortions of the CuO 2 sheets might also be suppressing T C values in the superconducting T compounds with larger rare-earth ions. In this paper, we report long-range two-dimensional superstructural distortions within the CuO 2 sheets of Pr 1−x LaCe x CuO 4+δ (PLCCO) at x = 0.12, which appear only in the reduced samples that support superconductivity, and which have been difficult to detect in past work due to nearby scattering from the minority rare-earth sesquioxide phase and to a high level of superstructural stacking disorder.
II. RESULTS AND DISCUSSION
Single crystals of PLCCO (space group I 4/mmm, a c = 3.98Å, c c = 12.3Å) were grown using the traveling-solvent floating-zone technique. Four sample batches were prepared from the same as-grown batch of PLCCO: as-grown nonsuperconducting (ag-NSC), reduced superconducting (r-SC), oxygenated nonsuperconducting (o-NSC), and re-reduced superconducting (r2-SC) crystals, as described by Kang et al. [19] . Single-crystal x-ray scattering experiments in both transmission and reflection geometries were performed at room temperature with 30 keV x rays at the BESSRC 11-ID-C and 11-ID-D beamlines of the Advanced Photon Source (APS) at Argonne National Laboratory. One-and two-dimensional reciprocalspace scans were performed using a Huber six-circle goniometer and either a Cyberstar or a Si-drift point detector, with energy discrimination to eliminate higher-order contamination from the monochromator. Reciprocal-lattice vectors labeled as Q = (H,K,L) are defined here relative to the tetragonal lattice of the T cuprate unless otherwise specified. In the superconducting r-SC and r2-SC samples of PLCCO, two-dimensional diffuse-scattering measurements indicate the presence of superlattice peaks at the (1/4, 1/4)-, (1/2, 1/2)-, and (1/2, 0)-type positions, as shown in Fig. 1(b) . These same peaks are absent in both the ag-NSC and o-NSC nonsuperconducting samples, except for very weak intensities at the (1/2, 1/2) positions in Fig. 1(a) , which we verified to be second-order harmonic contamination from the monochromator and eliminated in subsequent measurements. A long L-scan through a superlattice position uncovers a series of weak but sharp diffraction peaks belonging to the C-type rare-earth-sesquioxide impurity phase, which forms thin epitaxial layers perpendicular to c * within the r-SC and r2-SC samples [20] . The cubic lattice parameter of the vacancy-ordered sesquioxide impurity (space group I a3, a s = 11.26Å) is very well matched to a 2 √ 2 × 2 √ 2 supercell of the cuprate lattice within the a-b plane. Perpendicular to the CuO 2 sheets, however, a s is roughly 10% smaller than c c [20, 21, 25] . To avoid confusion, we will refer to the c * -axis reciprocal-lattice coordinates of the cuprate and sesquioxide phases as L c and L s , respectively.
Long L scans were obtained at room temperature at a number of (1/4, 1/4)-, (1/2, 1/2)-, and (1/2, 0)-type superlattice positions. In addition to the expected impurityphase reflections, which are very sharp, these scans reveal well-defined "needles" of diffuse scattering parallel to the c * axis, which appear as a broadly structured background in Fig. 2(a) . And like the impurity-phase peaks, they are observed only in the reduced samples that exhibit low-temperature superconductivity. The superlattice intensities seen in Fig. 1(b) are actually the intersections of diffuse needles with the L c = 3 plane, which is well separated from the nearest sesquioxide peaks at L c ≈ 3.3 (L s = 3). The resolution-limited sharpness of the diffuse needles in the a * -b * plane, as shown in Fig. 2 (b), indicates the presence of a long-range planar 2 √ 2 × 2 √ 2 superstructure. Furthermore, the diffuse needles with substantial intensity exhibit modulations along their lengths that are roughly periodic and clearly commensurate with the c-axis cuprate lattice parameter, unambiguously demonstrating that the superstructure is a feature of the parent T cuprate itself rather than a feature of the sesquioxide impurity phase. The impurity phase contributes apparent superlattice-peak intensities at (1/4, 1/4)-and (1/2, 0)-type positions only for odd values of L s [20] , which cannot explain the overall pattern of needle-intensity modulations. More importantly, the intraneedle modulation period matches the distance between neighboring CuO 2 sheets, so that we associate the diffuse needles with a superstructural distortion of the CuO 2 sheets.
Each closed black circle in Fig. 2 (c) represents the amplitude of a Gaussian fit to an H -scan through the corresponding needle at L c = 4.9, a value well separated from impurity peaks at L c = 4.4 (L s = 4) and from any second-order harmonic signal that might be present at L c = 5. These relative needle intensities show an approximately quadratic dependence on the in-plane component of Q (call it Q ⊥ ) near the origin of the a * -b * plane, and they develop a more complex dependence at higher values of Q ⊥ . This is evidence of in-plane atomic displacements within the CuO 2 sheets, as opposed to some sort of oxygen ordering. In contrast, the individual needles [e.g., Fig. 2 (a)] exhibit no marked intensity growth with increasing |L c |, indicating that out-of-plane displacements are either absent or too small to detect. Long L scans were collected along several hundred superlattice-needle lines, making it possible to study the intraneedle modulations in detail. First, we observed the modulation amplitudes to be much larger for (1/4,1/4,0)-type needles than for (1/2, 0)-or (1/2, 1/2)-type needles. Second, scans along several (1/4, 1/4)-type needles (shown in Fig. 3 ) reveal two distinct classes of (1/4, 1/4)-type needle modulations. The first class, illustrated in Fig. 3(a) , includes needles that are located adjacent to planar parent-phase Bragg peaks with even values of H + K, which have modulations that peak at even values of L c and which are easily identified by a peak at L = 0. The second class, illustrated in Fig. 3(b) , includes needles located adjacent to parent-phase Bragg peaks with odd values of H + K, which have modulations that peak at odd values of L c and which are easily identified by a trough at L = 0.
These modulation features are explained by the simplest possible stacking-disorder model. Because the planar supercell is eight times larger than the parent cell, there are eight different locations for the supercell origin, λ 1 , of a given CuO 2 sheet relative to the supercell origin, λ 2 , of an adjacent CuO 2 sheet. Of the two symmetry-unique choices for the relative origin separation, we assign probability α to the closer origin choice and probability 1 − α to the more distant choice. The intensity modulations due to origin-shift correlations can then be computed as a probability-weighted average over all possible intersheet origin separation vectors [26] 
Taking into account only nearest-neighbor correlations, Eq. (1) yields modulations of the form
for (1/4, 1/4)-type needles, where the "+" sign applies to needles near Bragg peaks with even values of H + K, and the "−" sign applies to needles near Bragg peaks with odd values of H + K. In contrast, (1/2, 0)-and (1/2, 1/2)-type needles receive zero intensity. This is precisely the pattern that we observe experimentally provided that small origin separations are favored over large ones for adjacent sheets (i.e., α > 1/2). The fact that the peak/trough intensity ratios are quite high in Figs. 3(a) and 3(b) is evidence that nearest-neighbor origins are highly correlated (i.e., α ≈ 1). More detail is provided in the Appendix. The ISODISTORT software [27] was used to explore distortions generated by the irreducible representations (irreps) of the parent p4gm symmetry of the CuO 2 sheet at reciprocalspace points in the first Brillouin zone. We found that the Fig. 3 , while the second set contains peaks separated from the nearest parent Bragg peak by ±(1/4, +1/4), as represented by the scans in panels (c) and (d). Structure factor calculations show that for small displacements (<0.2Å), the 2 irrep parameters require the intensities of the second subset to approach zero in the vicinity of the |H | = |K| diagonals of the parent reciprocal lattice, just as we observe in the figure. Because the 1 irrep would have the opposite effect (the diagonal extinction of the first subset), its parameters can be ignored.
The 2 irrep consists of rank-4 matrices, and the components of its four-dimensional order parameter correspond to the four symmetry-equivalent arms of the star of (1/4,1/4,0) in the first Brillouin zone, which are (+1/4, +1/4,0), (−1/4, −1/4,0), (+1/4, −1/4,0), and (−1/4, +1/4,0). The common shorthand notation for order parameters uses (a,b,c,d) to indicate that all four arms have different mode amplitudes, which also implies that they have different diffraction intensities. Similarly, (a,0,a,0) indicates that the first and third arms have identical nonzero mode amplitudes and intensities while those of the other two arms are zero.
For 2 , there are five simple (i.e., single-parameter) forms that the order parameter can take, one of which should capture the essential features of the planar distortion. They are (a,0,0,0), (a, −a,0,0), (a,0,a,0), (0,a,a,0), and (a, −a,a, −a), each of which yields a distinct subgroup of the parent space-group symmetry and different structural degrees of freedom. A more complicated order parameter consistent with the observed supercell would be a superposition of these simple order parameters, though such fine structural details are not readily discernible by the present experiment due to the difficulty of measuring and interpreting the diffuse scattering pattern.
Because our high-resolution 2D reciprocal-space scans reveal no evidence of an orthorhombic (rectangular) splitting of the superlattice needle positions in the H K plane, we assume the distortion to be tetragonal (square), which is consistent with either 2 (a,0,a,0) or 2 (0,a,a,0). Both of these order parameters generate a primitive 2 √ 2 × 2 √ 2 supercell with space group P 4/mbm (planar group p4gm), though their respective supercell origins relative to the parent structure are different: (0,0,0) and (1/2, 1/2, 0). For simplicity, we refer to the distortions that arise from the 2 (a,0,a,0) and 2 (0,a,a,0) order parameters as models A and B, respectively, which are illustrated in Fig. 4 . Both of these order parameters enable an in-plane copper-displacement mode associated with local point-group irrep E u and two in-plane oxygen-displacement modes associated with local point-group irreps B 2u and B 3u . These degrees of freedom support physically intuitive CuO 2 rotations and/or stretches in either model.
Model A has three symmetry-unique Cu sites and exhibits an alternating pattern of CuO 2 rotations and Jahn-Teller-like stretch modes that appears to be consistent with a checkerboard pattern of Cu 1+ and Cu 2+ charges. Model B, on the other hand, has only one symmetry-unique Cu site and presents a pattern of Jahn-Teller-like distortions with two long bonds and two short bonds per CuO 2 unit, somewhat like the distorted Pr 0.6 Ca 0.4 MnO 3 structure attributed to the presence of Zener polarons [28] . Via constraints, we were able to perform singleparameter structural refinements of models A and B against a limited number of relative needle intensities, as shown in Fig. 2(c) . The fits, which included a flat-plate x-ray absorption correction and an isotropic Debye-Waller displacement factor, indicate maximum atomic displacements of about 0.15Å. Surprisingly, models A and B yield nearly identical calculated intensity patterns, and are not likely to be distinguished by 
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superlattice intensities. A local-structure probe may be more effective in differentiating the Cu environments of these two structures [29] .
Purely displacive 2 √ 2 × 2 √ 2 superstructures were reported by Krekels et al. in nonsuperconducting hole-doped cuprates from the tetragonal region of the YBa 2 Cu 3 O 6+x phase diagram near x = 0 [30, 31] , with superlattice peaks also appearing as diffuse rods or needles. There, a model very similar to our model A was said to reproduce electron diffraction patterns better than oxygen-ordering models. However, single-crystal neutron diffraction data [32] have been interpreted by some [33] [35] .
III. CONCLUSIONS
When superconductivity is reversibly enabled and disabled in electron-doped PLCCO via high-temperature annealing in respective reducing and oxidizing atmospheres, we observe the formation of long-range 2D superstructural distortions within the CuO 2 sheets of superconducting samples, but not in nonsuperconducting samples. The Q dependence of the interneedle intensity distribution provides unambiguous evidence that the superstructure is predominantly comprised of in-plane atomic displacements rather than an oxygen-vacancy ordering. The pattern of intraneedle intensity modulations makes it clear that the diffuse needles arise due to the formation of a superstructure within the CuO 2 sheets of the T cuprate phase, and not due to some feature of the sesquioxide intergrowth layers. By restricting candidate structures according to their ability to reproduce the most distinctive features of the experimental diffuse-scattering distribution, we have also isolated viable distortion models. The absence of the planar distortions in nonsuperconducting samples is likely due to defect-induced frustration associated with Cu vacancies. Subsequent reduction heals these defects through the formation of the sesquioxide impurity phase and allows the now-clean CuO 2 sheets to lower their energy via distortion. Because of the relative difficulty of identifying and interpreting the subtle diffuse scattering from these rather large planar structural distortions, they have gone undetected in the superconducting phase until now. Because conventional wisdom dictates that any distortions of the CuO 2 sheets are likely to compete with the superconducting order parameter, we speculate that their presence might explain the systematically low critical temperatures of the family of electron-doped T cuprates. Future work should seek to identify comparable diffuse scattering features in other superconducting members of this family. 
APPENDIX: SUPERCELL STACKING CORRELATIONS
Due to the body-centered relationship between adjacent CuO 2 sheets of a T cuprate such as Pr 0.88 LaCe 0.12 CuO 4 (PLCCO), it is not possible for the origins of the planar 2 √ 2 × 2 √ 2 supercells in these sheets to stack directly atop one another along the tetragonal c axis. Rather, the supercell origins in adjacent sheets must be offset along an in-plane direction, giving rise to multiple equally probable origin placements and stacking disorder. Figure 5 illustrates the probabilities of the symmetry-distinct candidate supercell origins in the nearest-neighbor and next-nearest-neighbor CuO 2 sheets of PLCCO.
The structure factor of a layered system subject to stacking disorder can be expressed in terms of the single-layer structure factor F 0 (H) and a probability-weighted average over the distribution of relative interlayer origin-separation vectors [26] . If λ 1 and λ 2 are vector variables that cycle over the origins of all layers, this average can be expressed as
where H = (H,K,L) is a vector of the reciprocal superlattice, and the separation vector λ = λ 1 − λ 2 can be reduced modulo a vector of the direct-space sublattice. Executing the summation of Eq. (1) then yields modulations of the form
where n = 1 accounts for correlations in the nearest-neighbor sheet, n = 2 accounts for correlations in the next-nearestneighbor sheet, and so on. For a given diffuse needle located at in-plane position (H,K), the coefficient T n (H,K) provides the amplitude and sign of the nth harmonic of the intensity modulation, which depends only on the positions and probabilities of the candidate origin sites in the nth sheet. A needle with a large nonzero value of T n should have an observable modulation period of L = 2/n provided that it also has a substantial single-layer structure factor. A positive value of T n yields a modulation that peaks at L = 0, and a negative value of T n yields a modulation that dips at L = 0. If we initially consider only nearest-neighbor correlations, then λ = (0,0,1/2) + s, where the in-plane vector s points to any of the sites with collective probability α or α in Fig. 5 . The value of T 1 in Eq. (A2) then evaluates to +1/2 for needles passing through allowed parent Bragg positions, to −1/2 for The diffuse needles passing through the allowed parent Bragg positions are buried beneath the Bragg-peak tails, and are therefore difficult to observe. The diffuse needles passing through forbidden parent Bragg positions should be modulated, but are weak if present at all, possibly because the superstructure has a weak single-layer structure factor at these points. In contrast, the diffuse needles passing through the (1/4,1/4)-type positions are quite strong and uniformly adhere to the pattern expected for nearest-neighbor correlations with α ≈ +1. The fact that the observed modulations are not cleanly periodic, but rather appear to be multiplied by a lowerfrequency envelope function, is evidence that the rare-earth atoms above and below each CuO 2 sheet (approximately 0.15 c from the sheet) also play a role.
The diffuse needles passing through the (1/2,1/2)-and (1/2,0)-type positions are generally much weaker than the (1/4, 1/4)-type needles, and are somewhat difficult to distinguish in our data from the broad Lorentzian tails of the thin impurity layers. But Fig. 8(b) of Ref. [20] shows that some (1/2, 1/2)-and (1/2, 0)-type needles exhibit weak peaks at L = 0. Because T 1 = 0 for these needles, nearest-neighbor correlations cannot be responsible, though next-nearest-neighbor-sheet correlations may be. For nextnearest-neighbor correlations, the value of T 2 in Eq. (1) evaluates to zero for all allowed and forbidden parent Bragg positions, to 1 − 2β for (1/2,1/2)-type positions, to 1 − β − 2δ for (1/2,0)-type positions, and to 1 − β − δ − 2γ for all (1/4,1/4)-type positions. The L = 0 peaks of Ref. [20] then support a model in which β and δ have values smaller than would be expected for a random stacking, which means that these sites are disfavored. Given the strength of the nearestneighbor correlations (i.e., the large value of α), which favors small interlayer origin-separation vectors, it seems unlikely that would be substantially nonzero. So there is evidence that γ is larger than would be expected for a random stacking, and that the preferred site for the supercell origin in the next-nearest-neighbor sheet lies directly above the supercell origin in the primary (n = 0) sheet.
